1. Introduction {#sec1-nanomaterials-08-01044}
===============

In recent years, magnetic-plasmonic nanostructures have been the subject of extensive research due to their vast number of potential applications, including magnetic hyperthermia, photothermal therapy, sensing, imaging and theranostics \[[@B1-nanomaterials-08-01044],[@B2-nanomaterials-08-01044],[@B3-nanomaterials-08-01044],[@B4-nanomaterials-08-01044]\]. A wide variety of core-shell magnetic-plasmonic structures have been reported: primarily, these consist of magnetic core-plasmonic shell structures. While this is the most commonly utilised approach to the synthesis of magnetic-plasmonic nanomaterials, within it lie a number of inherent difficulties. Any addition of a non-magnetic material to the surface of magnetic nanoparticles will have a significant impact on the magnetic moment, hence limiting the potential applications. Reproducibility is a key issue amongst core-shell type structures, with incredibly precise synthetic procedures and reaction conditions that must be adhered to in order to prevent separate seeding and subsequent growth of separate plasmonic nanoparticles. Direct coating of a plasmonic layer onto a magnetic core, or vice versa, is incredibly difficult due to the mismatch in their respective crystal lattices \[[@B5-nanomaterials-08-01044]\]. Often, the use of intermediate layers such as silica, polypyrrole (PPY) and polyethylenemine (PEI) have been used to assist in the seeding of plasmonic nanoparticles onto the surface of a magnetic core, thus allowing for their subsequent reduction \[[@B6-nanomaterials-08-01044],[@B7-nanomaterials-08-01044],[@B8-nanomaterials-08-01044]\]. However, this approach will also contribute to the reduction of the magnetic moment of the nanocomposite. It has also been previously demonstrated that magnetic and plasmonic species can be linked using bifunctional molecular linkers \[[@B9-nanomaterials-08-01044]\].

The combination of magnetic and plasmonic moieties is the basis for many new multifunctional materials with unique multimodal properties. The primary goal in synthesising such materials is to retain the full functionality of both the magnetic and plasmonic components. Magnetic nanoparticles have long been a material of interest due to their use as contrast agents in magnetic resonance imaging (MRI), magnetic fluids and data storage components \[[@B10-nanomaterials-08-01044],[@B11-nanomaterials-08-01044]\]. When magnetite nanoparticles are below 10 nm in size, they exist as a single domain and are superparamagnetic \[[@B12-nanomaterials-08-01044]\]. This is crucial for many biomedical applications as the nanoparticles have no retention of the magnetic field and hence will not aggregate in vivo. Thus, magnetite nanoparticles are prime candidates for applications such as MRI, magnetic hyperthermia, and magnetically guided drug delivery, as they are also biodegradable, biocompatible, easy to synthesise and have a high magnetic moment \[[@B13-nanomaterials-08-01044]\]. Plasmonic nanoparticles, such as gold, are popular due to its surface plasmon resonance (SPR), thermal and chemical stability, simple surface functionalisation and high electrical and thermal conductivity. Due to the SPR, gold nanoparticles also have a large extinction cross section and local electromagnetic field amplification \[[@B14-nanomaterials-08-01044]\]. The combination of magnetic and plasmonic modalities in one material enables the demonstration of new unique effects such as plasmon induced magneto-optical enhancement \[[@B15-nanomaterials-08-01044],[@B16-nanomaterials-08-01044]\] and magnetic nanoparticle enhanced surface plasmon resonance sensing \[[@B17-nanomaterials-08-01044]\], opening a range of new potential applications \[[@B4-nanomaterials-08-01044],[@B18-nanomaterials-08-01044]\].

A wide variety of approaches have been utilised to coat gold onto magnetite and vice versa. Silica is often used as an intermediate media between the two components, acting as a surface for seeding of the gold nanoparticles and facilitating further functionalisation \[[@B6-nanomaterials-08-01044]\]. A range of polymers, such as polypyrrole (PPY), polyvinylpyrrolidone (PVP, and polyethylineimnine (PEI) have also been used to form charged shells around the central magnetic core, facilitating the seeding and growth of a plasmonic layer \[[@B7-nanomaterials-08-01044],[@B8-nanomaterials-08-01044],[@B19-nanomaterials-08-01044]\]. An alternative approach to a magnetic-plasmonic nanocomposite was described by Ivashchenko et al. who prepared self-organising silver and small iron oxide nanoparticles using a green synthetic approach \[[@B20-nanomaterials-08-01044]\]. In this work, ginger rhizome extract was used as a stabilising agent and the resulting compound was an Ag-Fe~3~O~4~ nanocomposite matrix. In our work, we have developed new magnetic-plasmonic nanocomposites bound through electrostatic interactions. PAH (polyallylamine hydrochloride) and PSS (polystyrene-4-sulfonate) were chosen as the positive and negatively charged polyelectrolytes, respectively, as they are both non-toxic, biocompatible and already have found uses in biomedicine \[[@B21-nanomaterials-08-01044],[@B22-nanomaterials-08-01044]\]. To the best of our knowledge, this is the first report of a magnetic-plasmonic nanocomposite material bound entirely through the electrostatic interactions of oppositely charged polyelectrolytes.

2. Materials and Methods {#sec2-nanomaterials-08-01044}
========================

Iron (III) chloride hexahydrate (\>98%), Iron (II) chloride tetrahydrate (99.99%), gold (III) chloride trihydrate (99.9%), ammonium hydroxide solution (99.99%), sodium borohydride (\>98%) and poly(allylamine hydrochloride) (M.W. 56,000) and acetic acid (\>99.99%) were all purchased from Sigma Aldrich (Dublin, Ireland). Poly(styrene sulfonic acid) (M.W. 300,000) was purchased from Alfa Aesar (Dublin, Ireland).

2.1. Synthesis of PSS Stabilised Magnetite Nanoparticles {#sec2dot1-nanomaterials-08-01044}
--------------------------------------------------------

PSS solutions were made up to the concentrations shown in [Table 1](#nanomaterials-08-01044-t001){ref-type="table"}. Using degassed Millipore water, an iron solution (0.06 M) was prepared using FeCl~3~·6H~2~O (1.1 g, 4 mmol) and FeCl~2~·4H~2~O in degassed Millipore water. PSS solution (30 mL, concentrations A--D) was then added to a round bottom flask (RBF). The amount of iron solution was varied in order to produce nanocomposites with different ratios of PSS/Magnetite ([Table 1](#nanomaterials-08-01044-t001){ref-type="table"})

The solution was stirred under argon at 90 °C for 15 min. The pH was adjusted to 9 using NH~4~OH and the precipitated nanoparticles were stirred at 90 °C for 60 min. The nanoparticles were isolated using magnetic separation and washed with Millipore water (5 × 20 mL).

2.2. Synthesis of PAH Stabilised Gold Nanoparticles {#sec2dot2-nanomaterials-08-01044}
---------------------------------------------------

Chloroauric acid (0.1 M) and sodium borohydride (0.1 M) solutions were prepared using degassed Millipore water. PAH (0.025 g, mw = 56,000) was added to Millipore water in a 15 mL RBF and degassed with Argon. Chloroauric acid solution (200 μL) was added to the RBF and stirred for 15 min. Sodium borohydride (400 μL) was added dropwise to the gold solution and left to stir for 45 min. A dark red solution indicated the formation of gold nanoparticles. The gold nanoparticles were isolated through centrifugation and washed with methanol (5 × 20 mL).

2.3. Synthesis of Gold Nanoparticles (Unstabilised) {#sec2dot3-nanomaterials-08-01044}
---------------------------------------------------

Gold nanoparticles were prepared according to a previously reported procedure \[[@B23-nanomaterials-08-01044]\]. Briefly, Millipore water (10 mL) was added to a RBF. Chloroauric acid (200 μL) was added and the solution was stirred for 5 min. Sodium borohydride (400 μL) was added dropwise, and the resulting solution was left to stir for 45 mins. The nanoparticles were isolated through centrifugation and washed with methanol (5 × 20 mL).

2.4. Synthesis of Acetic-Acid Stabilised Gold Nanoparticles {#sec2dot4-nanomaterials-08-01044}
-----------------------------------------------------------

PSS-stabilised Fe~3~O~4~ nanoparticles (30 mg) were dispersed in Millipore water (50 mL) and sonicated for 15 mins. This solution was then degassed using Argon. (x) μL of gold (III) chloride solution (0.1 M) in (y) μL of acetic acid was then added.

2.5. Synthesis of Magnetic Plasmonic Nanocomposites {#sec2dot5-nanomaterials-08-01044}
---------------------------------------------------

The formation of the magnetic plasmonic nanocomposites was achieved through monitoring using UV-Vis. In each case, the gold nanoparticle solution was added until the plasmon peak was clearly visible (approximately a.u. 0.5). Following this, the nanocomposite was isolated using magnetic separation and washed 5 times before analysis was carried out.

3. Results and Discussion {#sec3-nanomaterials-08-01044}
=========================

3.1. Synthesis of Magnetic-Plasmonic Nanocomposites {#sec3dot1-nanomaterials-08-01044}
---------------------------------------------------

The layer-by-layer assembly technique based on electrostatic interactions is widely used for the preparation of nanoscale films on various substrates for a range of applications \[[@B9-nanomaterials-08-01044],[@B24-nanomaterials-08-01044],[@B25-nanomaterials-08-01044],[@B26-nanomaterials-08-01044],[@B27-nanomaterials-08-01044],[@B28-nanomaterials-08-01044]\]. In our approach, we used polyelectrolyte mediated electrostatic interactions between gold and magnetite nanoparticles for the assembly of new magnetic-plasmonic nanocomposites in solution.

The PAH-stabilised gold nanoparticle solution was added sequentially to each concentration of PSS-stabilised magnetite until a strong plasmon peak was obtained. A scheme illustrating the interactions of the polyelectrolyte stabilized magnetite and gold nanoparticles is shown in [Figure 1](#nanomaterials-08-01044-f001){ref-type="fig"}. The magnetite nanoparticles are crosslinked by the PSS stabilizer, and electrostatically bound to the PAH-stabilised gold nanoparticles, embedding them within a composite matrix.

The produced magnetic-plasmonic nanocomposites have been characterized by vibrational sample magnetometry (VSM), transmission electron microscopy (TEM) and UV-Vis spectroscopy.

3.2. VSM Analysis of Nanocomposites {#sec3dot2-nanomaterials-08-01044}
-----------------------------------

VSM analysis was performed at room temperature (295 K). The absence of a hysteresis loop confirms that these nanoparticles display superparamagnetic behaviour at room temperature ([Figure 2](#nanomaterials-08-01044-f002){ref-type="fig"}). Lower concentrations of PSS result in magnetite nanoparticles that have higher saturation magnetisations: 53.2 Am^2^/kg for 1.90 × 10^−5^ M, 55.1 Am^2^/kg for 1.43 × 10^−5^ M and 68.5 Am^2^/kg for 7.14 × 10^−6^ M. This was expected as the polyelectrolyte itself is not magnetic and thus increasing concentrations of PSS would reduce the effective magnetic moment of the magnetite. Higher concentrations of PSS decrease the magnetization due to the fact that PSS is a non-magnetic material but adds to the total sample mass. These figures are comparable to the saturation value for bulk magnetite \~90 Am^2^/Kg.

3.3. TEM and UV-Vis Analysis of Nanocomposites {#sec3dot3-nanomaterials-08-01044}
----------------------------------------------

TEM analysis for PSS-stabilised magnetite found no major differences between nanoparticle diameters for each concentration of PSS tested ([Figure 3](#nanomaterials-08-01044-f003){ref-type="fig"}). Size distribution analysis found that the average size of the nanoparticles was 10.8 nm ± 3.3 nm for 1.90 × 10^−5^ M, 10.3 nm ± 2.6 nm for 1.43 × 10^−5^ M and 10.5 nm ± 3.2 nm for 7.14 × 10^−6^ M. Size distribution analysis may be found in the [Supplementary Materials (S1)](#app1-nanomaterials-08-01044){ref-type="app"}. Each concentration of PSS stabilized Fe~3~O~4~ nanoparticles was then tested with three different gold nanoparticle samples---unstabilised gold, acetic acid stabilized gold and PAH-stabilised gold. This was carried out to determine if the electrostatic interaction between the two polyelectrolytes is an effective method of binding the Fe~3~O~4~ and gold nanoparticle species, and also to demonstrate that, in the absence of the PAH or even in the presence of other stabilisers, the gold retention through multiple magnetic separations would not take place. DLS (Dynamic Light Scattering) analysis of the PSS-stabilised Fe~3~O~4~ nanocomposites can be found in the [Supplementary Materials (S2)](#app1-nanomaterials-08-01044){ref-type="app"}.

UV-Vis analysis of PAH-stabilised gold nanoparticles showed two plasmon peaks, at 530 nm and 640 nm, respectively ([Figure 4](#nanomaterials-08-01044-f004){ref-type="fig"}C). Upon TEM analysis, it was determined the presence of these two peaks was due to two slightly different size distributions of gold nanoparticles, and not due to the presence of non-spherical particles such as nanorods, as one might suspect from such a system ([Figure 4](#nanomaterials-08-01044-f004){ref-type="fig"}A,B). The gold nanoparticles have a mean size of 13.7 nm ± 3.5 nm. Size distribution plots for PAH-stabilised gold nanoparticles can be found in the [Supplementary Materials (S3)](#app1-nanomaterials-08-01044){ref-type="app"}. The two plasmon peaks are thought to be due to the polyelectrolyte stabilizer crosslinking the particles and causing the formation of larger clusters \[[@B19-nanomaterials-08-01044]\]. DLS analysis of the sample confirmed this theory. DLS analysis can be found in the [Supplementary Materials (S4)](#app1-nanomaterials-08-01044){ref-type="app"}.

Representative TEM images of the PSS-stabilised Fe~3~O~4~ and unstabilised gold nanoparticles are shown in [Figure 5](#nanomaterials-08-01044-f005){ref-type="fig"}. The gold nanoparticles synthesized in this manner were considerably larger, in the region of 50 nm in diameter; this is due to the lack of stabilizer on the gold nanoparticles and so no species is present to prevent gold growth. After five magnetic separations, the concentration of Au NPs present is low, which is as expected as there is no electrostatic interaction between the PSS-stabilised Fe~3~O~4~ and the unstabilised Au nanoparticles, and so the gold nanoparticles are lost through successive magnetic separations and washings. This was confirmed through UV-Vis analysis on the washings, which showed no gold plasmon peaks.

Representative TEM images and UV-Vis spectra for the PSS-stabilised Fe~3~O~4~ and acetic acid stabilized gold nanocomposite are shown in [Figure 6](#nanomaterials-08-01044-f006){ref-type="fig"}. Similar to the case for the unstabilised gold nanoparticles, a very low concentration of gold was present for each concentration of PSS (two representative TEMs are shown here). The gold concentration is sufficiently low in the nanocomposite after five successive magnetic washings that a plasmon peak is no longer visible in the UV-Vis spectrum for each concentration of acetic acid stabilized gold that was tested.

TEM analysis of the PSS-stabilised Fe~3~O~4~ and PAH-stabilised Au nanocomposite showed a large retention of the gold for each concentration of PSS after multiple magnetic separations ([Figure 7](#nanomaterials-08-01044-f007){ref-type="fig"}). This demonstrates that the electrostatic interactions between the two oppositely charged polyelectrolytes stabilizing the Fe~3~O~4~ and gold nanoparticles is sufficient to hold the two species together. This was further confirmed by UV-Vis analysis ([Figure 8](#nanomaterials-08-01044-f008){ref-type="fig"}). A strong plasmon peak is still clear after five successive magnetic separations in PSS concentrations 1.43 × 10^−5^ M and 7.14 × 10^−6^ M. It is thought that the concentration of magnetite in the PSS 1.90 × 10^−5^ M sample is high enough that it is obscuring the plasmon peak in the UV-Vis, as TEM analysis of the same sample reveals a high concentration of PAH-stabilised gold in the nanocomposite. It is clear that the addition of Au nanoparticles to PSS-stabilised magnetite with concentrations larger than 1.43 × 10^−5^ M allows for the presence of plasmonic resonance, as at the large excess of Au nanoparticles they are not affected by magnetisation value and can retain their original plasmonic properties. The gold nanoparticles are significantly larger than the magnetite nanoparticles in the nanocomposite dispersion; however, this does not seem to have any significant impact on the formation of the nanocomposite. As long as the size differences are not so large as to cause one of the species to precipitate out of solution, the electrostatic interaction between the two species will still take place. Zeta potential measurements for PSS-stabilised Fe~3~O~4~ nanoparticles and PAH-stabilised gold nanoparticles have shown values of −17.2 mV and +19.1 mV, respectively (see [Figures S5 and S6 in Supplementary Materials](#app1-nanomaterials-08-01044){ref-type="app"}).

4. Conclusions {#sec4-nanomaterials-08-01044}
==============

Thus, a new magnetic-plasmonic nanocomposite consisting of PSS-stabilised Fe~3~O~4~ and PAH-stabilised Au nanoparticles has been prepared through a simple, highly reproducible coprecipitation method. The gold is retained in the solution through multiple magnetic separations. A variety of initial PSS concentrations and precursor iron ratios were tested with a single concentration of PAH-stabilised gold nanoparticles. Unstabilised gold nanoparticles and gold nanoparticles stabilised with acetic acid were also prepared and tested with the PSS-stabilised magnetite. It was found in both cases and for each concentration that the gold nanoparticles were lost through the magnetic separation process. This is further proof that it is the electrostatic interactions between the oppositely charged polyelectrolytes stabilising the magnetite and gold nanoparticles that causes the retention of the gold nanoparticles through multiple magnetic washings. For each concentration of PSS that was tested, retention of the gold nanoparticles was attained through multiple magnetic separations.

To the best of our knowledge, this is the first magnetic-plasmonic nanocomposite with components completely bound through electrostatic interactions. The use of this approach enabled us to completely avoid many of the difficulties encountered when preparing core-shell magnetic-plasmonic nanocomposites, such as the need for intermediate layers due to the incompatibility of the magnetic ferrites and noble metals, and reproducibility issues that arise from separate seeding of nanoparticles and preferential growth of separate species rather than seeding onto the core nanoparticle.

The binding effectiveness of the two complementary polyelectrolyte stabilisers after multiple magnetic separations was demonstrated through testing the same method using unstabilised- and acetic acid-stabilized gold nanoparticles. It was found in each of these cases that the majority of the gold that was initially present in the nanocomposite was removed during the magnetic separations. This is not seen with the polyelectrolyte nanocomposite system, which shows a large retention of gold nanoparticles after five magnetic separations, and also works over a range of PSS concentrations.

We believe that this approach could be extended to the preparation of other polyelectrolyte stabilized nanoparticulate composites, as well as other magnetic ferrite/plasmonic nanoparticles systems, depending on the targeted application. Future work with these nanocomposites will include further functionalization of the gold nanoparticles with a targeting moiety and testing its separation and sensing capabilities for toxins and heavy metals in water.
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The following are available online at <http://www.mdpi.com/2079-4991/8/12/1044/s1>, Figure S1: Size distribution analysis for PSS-stabilised magnetite, Figure S2: DLS analysis of PSS-stabilised Fe~3~O~4~ nanoparticles, Figure S3: Size distribution analysis for PAH-stabilised gold nanoparticles, Figure S4: DLS analysis of PAH-stabilised gold nanoparticles. Figure S5: Zeta potential measurements for PSS-stabilised Fe~3~O~4~ nanoparticles. Figure S6: Zeta potential measurements for PAH-stabilised gold nanoparticles.

###### 

Click here for additional data file.

S.S. and Y.K.G. designed the experiments. S.S. and C.G. synthesized the nanocomposite materials. S.S performed the microscopy and analysis and wrote the manuscript.

This research was funded by the Irish Research Council, Science Foundation Ireland and the Federal Target Program for Research and Development of the Ministry of Education and Science of the Russian Federation (agreement No. 14.587.21.0047, project identifier RFMEFI58718X0047).

The authors declare no conflict of interest.

![Scheme illustrating the formation of the magnetic-plasmonic nanocomposite. The minus signs around the Fe~3~O~4~ nanoparticles indicate the negative charge of the PSS stabiliser, and the positive signs around the Au nanoparticles indicate the positive charge of the PAH stabiliser.](nanomaterials-08-01044-g001){#nanomaterials-08-01044-f001}

![VSM (Vibrating Sample Magnetometry) curves of each concentration of immobilized PSS-stabilised Fe~3~O~4~ nanoparticles.](nanomaterials-08-01044-g002){#nanomaterials-08-01044-f002}

![TEM images of PSS-stabilised Fe~3~O~4~ for each concentration of PSS (**A**) 1.90 × 10^−5^ M, (**B**) 1.43 × 10^−5^ M and (**C**) 7.14 × 10^−6^ M. Scale bars correspond to 20 nm.](nanomaterials-08-01044-g003){#nanomaterials-08-01044-f003}

![(**A**) and (**B**) are TEM images of PAH-stabilised Au nanoparticles. The scale bars correspond to 20 nm. (**C**) shows the UV-Vis spectrum for the PAH-stabilised gold nanoparticles.](nanomaterials-08-01044-g004){#nanomaterials-08-01044-f004}

![TEM images of PSS-Stabilised Magnetite and Unstabilised Au nanoparticles, (**A**) PSS concentration 1.90 × 10^−5^ M, scale bar = 100 nm; (**B**) PSS concentration 1.43 × 10^−5^ M, scale Bar = 50 nm; (**C**) PSS concentration 7.14 × 10^−6^ M, scale bar = 20 nm. The large, dark nanoparticles are gold and the smaller lighter grey particles are magnetite.](nanomaterials-08-01044-g005){#nanomaterials-08-01044-f005}

![(**A**) TEM images of PSS-Stabilised Fe~3~O~4~ and acetic acid stabilized Au NPs. Scale bar = 50 nm; (**B**) TEM image of PSS-Stabilised Fe~3~O~4~ and acetic acid stabilized Au NPs. Scale bar = 100 nm; (**C**) UV-Vis spectra for each acetic acid stabilized Au and PSS-stabilised Fe~3~O~4~ nanocomposite after multiple magnetic separations. E, F and G refer to the three samples of acetic acid stabilized gold nanoparticles that were prepared with varying amounts of gold (III) chloride and acetic acid solutions. These can be found in [Table 2](#nanomaterials-08-01044-t002){ref-type="table"}.](nanomaterials-08-01044-g006){#nanomaterials-08-01044-f006}

![TEM images of PSS-stabilised Fe~3~O~4~ and PAH-stabilised Au nanoparticles. Scale bars are 20 nm in (**A**--**D**) and 50 nm in (**E**,**F**). (**A**,**D**) are 1.90 × 10^−5^ M PSS-stabilised Fe~3~O~4~ and gold nanoparticles, (**B**,**E**) are 1.43 × 10^−5^ M PSS-stabilised Fe~3~O~4~ nanoparticles and gold nanoparticles; and (**C**,**F**) are 7.14 × 10^-6^ M PSS-stabilised Fe~3~O~4~ nanoparticles and gold nanoparticles.](nanomaterials-08-01044-g007){#nanomaterials-08-01044-f007}

![UV-Vis spectra of each PSS-Magnetite concentration titrated with PAH-stabilised gold after five magnetic separations.](nanomaterials-08-01044-g008){#nanomaterials-08-01044-f008}

nanomaterials-08-01044-t001_Table 1

###### 

PSS (polystyrene-4-sulfonate) concentrations and iron precursor ratios used to obtain each PSS-stabilised magnetite concentration.

  Solution   PSS Concentration   Iron Precursor Ratio
  ---------- ------------------- ----------------------
  A          1.90 × 10^−5^ M     1384
  B          1.43 × 10^−5^ M     1800
  C          7.14 × 10^−5^ M     3614

nanomaterials-08-01044-t002_Table 2

###### 

Amounts of gold (III) chloride solution (x (μL)) and acetic acid (y (μL)) used to synthesise acetic acid stabilized gold nanoparticles.

      x (μL)   y(μL)
  --- -------- -------
  E   300      1.5
  F   600      3
  G   2400     12
